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Carbon-aerogel  silica  composite  material  is  evaluated  as  an  alternative  catalyst  support  material  for  Pro¬ 
ton  Exchange  Membrane  (PEM)  fuel  cells.  Brunauer-Emmett-Teller  surface  areas  of  these  materials  are 
usually  higher  than  Vulcan  XC-72  which  enabled  a  homogeneous  catalyst  distribution.  Performance  of  the 
Membrane  Electrode  Assemblies  (MEAs)  prepared  with  C-Si02  supported  platinum  catalysts  increased 
with  low  silica  content  and  decreased  at  higher  levels.  Performances  up  to  0.31  W  cm-2  at  0.8  V  are 
obtained  with  silica  containing  MEAs  whereas  only  0.23  W  cm-2  at  0.8  V  could  be  obtained  with  silica 
free  MEAs.  On  the  other  hand,  durability  of  the  MEAs  increased  with  increasing  silica  content.  Accelerated 
durability  tests  show  a  current  drop  of  22-40%  (at  0.6  V)  for  silica  containing  MEAs  compared  to  40%  (at 
0.6  V)  for  silica-free  MEAs.  Although  appearing  to  have  improved  durability,  silica  containing  MEAs  show 
hydrophilic  behavior,  especially  at  high  current  density. 

©  201 1  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Spurred  by  the  need  for  alternate  energy  sources,  proton 
exchange  membrane  (PEM)  fuel  cell  systems  have  been  developed 
and  commercialized.  “Durability”  is  a  term  that  covers  many  prob¬ 
lems  encountered  in  these  systems.  PEM  fuel  cell  failure  may  be 
initiated  by  membranes  loosing  conductivity,  [1  ]  undergoing  crys¬ 
tallization  [2]  or  by  chemical  or  mechanical  degradation  [3-8]. 
Catalyst  layers  may  experience  poisoning,  dissolution,  agglomer¬ 
ation  or  corrosion  of  platinum,  support  material  or  ionomer  matrix 
[9].  Gas  diffusion  layers  can  lose  hydrophobicity,  porosity  or  low 
contact  resistance  [9,10].  Bipolar  plates  can  corrode  or  lose  low 
contact  resistance  [11,12]  and  gaskets  can  corrode,  dissolve  or  loose 
impermeability  [13,14].  Additionally,  oxidation  of  contact  points  or 
separation  of  layers  can  be  counted  as  durability  problems  [15].  Cat¬ 
alyst  layer  degradation  is  certainly  a  critical  problem  among  other 
durability  issues  since  the  catalyst,  typically  Pt,  is  an  expensive 
component  of  a  fuel  cell  system  [16].  Carbon  supported  platinum 
catalysts  are  commonly  used  fuel  cell  catalysts  both  for  anode 
and  cathode  reactions.  These  catalysts  have  acceptable  durability 
at  ideal  fuel  cell  operating  conditions.  However,  combinations  of 
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unfavorable  conditions,  such  as  both  high  potentials  and  high  liq¬ 
uid  water  content,  results  in  premature  catalyst  degradation  [17]. 
Other  high  stress  conditions  include  limited  fuel  feed  at  startup, 
limited  oxidant  feed,  flooding  and  channel  blockage,  and  low  lim¬ 
iting  current  density  at  the  anode.  These  circumstances  may  result 
in  high  potentials  either  at  the  anode  or  cathode  with  concomitant 
catalyst  degradation  [18]. 

The  most  common  degradation  mechanisms  for  PEM  fuel  cell 
catalyst  layers  are  platinum  agglomeration,  platinum  dissolution, 
platinum  poisoning  and  carbon  corrosion  [9].  All  of  these  processes 
result  in  decreased  fuel  cell  performance.  While  some  of  these  pro¬ 
cesses  are  reversible  [9,19]  in  most  cases  the  catalyst  layer  becomes 
nonfunctional  [20]. 

Carbon  based  materials  are  commonly  used  as  catalyst  sup¬ 
port  materials  due  to  their  high  surface  area,  corrosion  resistance 
under  ideal  fuel  cell  operating  conditions  and  acceptable  conduc¬ 
tivity.  Alternative  forms  of  carbon  that  may  improve  performance 
and  durability  are  under  investigation.  Carbon  nanotubes  [21-26], 
conductive  ceramics  [27],  carbon-polymer  composites  [28],  meso- 
porous  carbons  [29,30],  graphitized  carbons  [31,32],  nitrided 
graphitized  carbons  [33],  carbides  [34-36],  whisker  like  structures 
[37]  and  carbon  aerogels  [38]  are  promising  candidate  materials  as 
alternatives  to  often  used  Vulcan  XC-72. 

The  conductivity  of  carbon  and  durability  of  silica  have  been 
combined  by  synthesizing  nanocomposites.  A  number  of  meth¬ 
ods  have  been  used  to  introduce  a  second  component  such  as 
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carbon  into  the  siliceous  phase  [39].  As  the  colloidal  silica  gels 
form  through  condensation  polymerization,  the  second  phase  is 
incorporated.  Second  phase  incorporation  was  used  for  continuous 
mesoporous  structure  generation  [40],  reduced  thermal  conductiv¬ 
ity  [41  ],  reduced  aggregation  [42],  improved  thermal  stability  [43], 
obtaining  crack-free  transparent  films  [44]  or  uniform  dispersion 
of  the  active  material  [45]. 

Carbon-aerogel  silica  catalyst  support  for  fuel  cell  concept  was 
studied  by  several  researchers.  Morris  et  al.  used  aerogel  sil¬ 
ica  as  a  nanoglue  to  prevent  carbon  support  agglomeration  [46]. 
Anderson  et  al.  stated  that  heterocyclic  sulfur  present  in  the  struc¬ 
ture  of  Vulcan  XC-72  was  bound  to  silica  particles  rather  than 
poisoning  platinum  particles  [40].  Takenaka  et  al.  coated  the  sur¬ 
face  of  carbon  nanotubes  with  an  extremely  thin  silica  layer 
and  reported  improved  durability  [47].  Previous  work  from  our 
laboratory  showed  superior  thermal  stability  and  improved  per¬ 
formance  of  Pt  on  carbon  modified  by  relatively  small  amounts  of 
a  sol-gel  generated  siliceous  component  [48].  Below,  we  report 
an  extension  of  this  work  that  suggests  silica  modified  car¬ 
bon  supported  Pt  has  improved  durability  compared  to  carbon 
supported  Pt. 

2.  Experimental 

2.  I .  Pt/C-Si02  catalyst  preparation 

Vulcan  XC-72  was  kept  in  a  vacuum  oven  at  200  °C  in  order 
to  clean  the  surface.  Methanol  (36  ml)  and  water  (24  ml)  were 
added  to  1  g  cleaned  Vulcan  XC-72.  The  mixture  was  homog¬ 
enized  with  Hielscher  400S  ultrasonic  homogenizer  for  5  min. 
Desired  C-Si02  concentrations  were  achieved  by  adding  Tetram- 
ethyl  ortho  silicate  (TMOS)  to  the  mixture.  Additional  deionized 
water  (40  ml)  was  added  for  effective  hydrolysis  of  siliceous  com¬ 
ponents  during  the  96  h  stirring  process.  The  mixture  was  filtered 
and  washed  with  methanol-water  solution  three  times.  The  cake 
was  dried  in  a  vacuum  oven  at  60  °C  and  then  ground  with  an 
agate  mortar  and  pestle  and  sieved  with  a  60  mesh  grid.  A  nearly 
full  conversion  to  Si02  is  obtained  by  heating  at  <100  °C  [48]. 
For  brevity,  the  Si02  H20  product  will  be  simply  designated  as 
silica. 

Carbon  or  carbon-silica  supported  Pt  catalysts  were  synthe¬ 
sized  by  the  NaBH4  reduction  method  [49].  Water  (14  ml)  was 
added  to  5.6  mg  NaBH4  and  the  solution  was  cooled  down  to  0°C. 
An  8-10  times  NaBH4  excess  was  chosen  for  rapid  Pt  nanopar¬ 
ticle  generation.  Meanwhile,  4  ml  methanol  and  6  ml  water  were 
added  to  50  mg  support  carbon  and  the  mixture  was  homogenized 
with  an  ultrasonic  homogenizer  at  0  °C  for  5  min  with  intermittent 
full  power.  The  cold  NaBH4  solution  was  poured  into  the  sup¬ 
port  material  mixture  and  the  combination  was  homogenized  for 


1  min  at  full  power.  After  homogenization,  the  support  mixture 
was  rapidly  poured  into  vigorously  stirred  1.3  mM  H2PtCl6-6H20 
solution. 

2.2.  Composition  analysis  with  TGA 

TGA  was  used  to  determine  support  and  catalyst  compositions 
by  monitoring  mass  change  due  to  carbon  combustion.  Specimens 
(3-5  mg)  were  dried  in  a  vacuum  oven  before  analysis.  The  heating 
rate  was  10°Cmin-1  with  air  as  the  carrier  gas.  Support  materials 
were  heated  to  800  °C  whereas  catalysts  were  heated  to  650  °C. 

2.3.  Surface  area  measurements  with  BET 

N2  Bruanuer-Emmett-Teller  (BET)  surface  areas  of  the  prepared 
support  materials  were  determined  using  Autosorb  1 B  surface  area 
analyzer  (Quantachrome  Inc.)  [50].  Trapped  gas  was  removed  with 
overnight  heating  under  vacuum  at  300  °C.  Specimen  weights  were 
calculated  immediately  after  the  degassing  process.  Minimum  and 
maximum  P/P0  values  were  selected  as  0.05-0.3  to  observe  the 
“knee”  formation  clearly  as  suggested  by  the  manufacturer.  P/P0 
increments  were  selected  logarithmically.  Data  points,  covering 
only  the  “knee”  zone,  were  selected  for  Multipoint  BET  surface  area 
calculations. 

2.4.  Particle  size  determination  with  DLS 

Support  material  particle  size  distributions  were  determined 
with  using  Zetasizer  Nano  ZS  (Malvern  Instruments).  Support 
materials  were  dispersed  in  water  right  before  the  analysis  using 
Hielsher  400S  ultrasonic  homogenizer  at  full  power  for  30  s.  Aver¬ 
age  of  9  measurements  were  recorded  to  collect  a  data  point  and  5 
repeat  experiments  were  carried  out  for  all  specimens. 

2.5.  MEA  preparation 

A  screen  printing  method  coupled  with  decal  transfer  process 
was  selected  for  the  MEA  preparation  [51].  Catalyst  ink  slurries 
were  prepared  with  water,  isopropanol,  propanediol  and  Nafion 
solutions  added  to  catalyst  powders.  The  slurry  was  homogenized 
with  Hielsher  400S  ultrasonic  homogenizer  at  full  power  (400  W) 
with  intermittent  cycles.  Excess  isopropanol,  which  was  used  for 
catalyst  surface  wetting  and  increased  volume  for  initial  homoge¬ 
nization,  was  removed  slowly  by  evaporation  in  air. 

The  catalyst  slurry  was  coated  on  125  p,m  thick  Teflon  sheets 
through  a  120  mesh  silk  screen  masked  for  5  cm2  coatings.  A  Pt 
loading  of  0.3  mg  Pt  cm-2  and  25wt%  Nafion  concentration  were 
selected  for  all  coatings.  Nafion  212  (50  |jim)  was  placed  between 
two  catalysts  layers  between  Teflon  sheets.  The  sandwich  then  was 


Table  1 

TGA,  BET  and  DLS  results. 


Material 

TGA  (wt%) 

C% 

Si02% 

Pt% 

BET  surface  area  (m2  g_1 ) 

DLS  particle  Size  (nm) 

CS1 

100 

0 

0 

320.8 

300.54 

CS2 

95.51 

4.49 

0 

212.5 

193.7 

CS3 

89.12 

10.88 

0 

383.3 

258.7 

CS4 

84.66 

16.34 

0 

523.0 

259.1 

Aerogel  silica 

- 

- 

- 

751a 

44.86b 

Catl 

55.15 

0 

44.85 

193.2 

- 

Cat2 

52.97 

2.38 

44.65 

164.4 

- 

Cat3 

56.54 

6.16 

37.30 

396.3 

- 

Cat4 

50.57 

8.24 

41.19 

337.2 

- 

a  BET  surface  area  of  aerogel  silica  was  reported  by  Van  Bommel  et  al.  [59]. 
b  DLS  analysis  was  carried  out  after  96  h  stirring. 
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hot  pressed  under  150  Non-2  pressure  at  130  °C  for  8  min.  The 
coatings  became  adherent  to  Nation  during  heating  creating  mem¬ 
brane  electrode  assemblies  (MEAs)  that  were  subsequently  peeled 
from  the  Teflon  sheets  [51  ]. 

2.6.  Fuel  cell  performance  tests 

As-prepared  MEAs  were  tested  using  a  Scribner  850C  fuel  cell 
test  station  and  a  5  cm2  test  cell.  MEAs  were  placed  between  two 
0.5  mm  thick  gas  diffusion  layers  (GDLs)  (ELAT  GDL/LP/NC/V3.1) 
and  two  0.2  mm  thick  silicone  gaskets.  Performance  tests  were 
conducted  at  60  °C  with  100%  humidified  H2  (0.21  min-1)  and  02 
(0.51  min-1).  Backpressure  (2  atm)  was  generated  on  both  sides 
with  relief  valves.  A  MON  cm-2  homogeneous  clamping  pressure 
was  obtained  with  a  torque  wrench.  MEAs  were  conditioned  with 
slow  increments  in  current  withdrawal  at  60  °C  before  recording  a 
performance  test. 

Active  MEA  surface  areas  were  determined  after  the  perfor¬ 
mance  test  by  purging  with  100%  humidified  N2  instead  of  02  on 
the  cathode  side.  The  potential  was  swept  between  0  and  1  V  with 
20mVs-1  scan  rate.  0.51  min-1  H2  and  N2  flow  rates  were  kept 
constant  during  the  analysis. 

2.7.  Fuel  cell  durability  tests 

Sustainability  of  the  MEA  performances  were  evaluated  with 
accelerated  durability  tests.  There  are  several  accelerated  durabil¬ 
ity  tests  for  catalyst  durability  evaluation  [52-59].  Among  these, 
potential  cycling  between  0.6  and  1.2  V  for  1  day  was  selected 
resulting  in  1440  cycles  at  20mVs-1  scan  rate  [59].  Decreases  in 
active  surface  area  and  fuel  cell  performance  at  certain  potentials 
were  recorded. 


3.  Results  and  discussion 

3.1.  Physical  properties  of  support  materials  and  catalysts 

Three  carbon-silica  composite  materials  (5,  10,  15wt%  SiOx) 
were  prepared  to  investigate  the  effect  of  siliceous  component 
addition  on  Vulcan  XC-72.  Subsequently,  four  different  catalysts 
were  synthesized  with  these  support  materials  that  included  a 
silica-free  control.  TGA  in  air  was  used  to  estimate  C-Si02  con¬ 
centrations  of  supports  and  catalysts  [48].  Carbon  is  removed  by 
combustion  in  air.  The  mass  concentration  of  remaining  com¬ 
ponents  were  calculated  by  difference.  TGA  analysis  results  of 
the  prepared  support  materials  and  catalysts  are  summarized  in 
Table  1. 

Surface  areas  of  the  prepared  support  materials  and  catalysts 
were  determined  with  BET  surface  area  analysis  [50].  Surface  area 


Fig.  2.  TEM  images  of  synthesized  catalysts  (a)  Catl,  (b)  Cat2,  (c)  Cat3,  and  (d)  Cat4. 


Table  2 

Active  surface  area  change  during  the  durability  test. 
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MEA 

Support  material 

Catalyst 

%  Si02  (wt%) 

Initial  active  surface  area  (m2/gPt) 

Final  active  surface  area  (m2/gPt) 

Active  surface  area  loss  (%) 

MEA1 

CS1 

Catl 

0 

27.88 

17.81 

36.1 

MEA2 

CS2 

Cat2 

2.49 

15.20 

10.66 

29.9 

MEA3 

CS3 

Cat3 

6.90 

13.92 

10.51 

24.5 

MEA4 

CS4 

Cat4 

9.76 

14.92 

11.98 

19.7 

Fig.  3.  Active  surface  area  change  after  1  day  durability  test  (a)  Catl,  (b)  Cat2,  (c)  Cat3,  and  (d)  Cat4. 


change  with  silica  addition  is  summarized  in  Table  1.  The  results 
indicate  that  the  silica  deposition  increased  the  surface  area  of 
the  support  materials  after  certain  concentrations.  This  rise  was 
expected,  since  BET  surface  area  of  solid  aerogel  silica  was  reported 
to  be  751  m2g-1  [60].  Similar  results  were  obtained  with  cata¬ 
lysts,  although  the  increase  in  surface  area  was  not  regular,  with 
Cat2  <  Cat3  but  Cat3  >  Cat4. 

Particle  size  of  support  materials  and  silica  were  determined 
with  DLS  analysis.  Spherical  sub  micron  sized  Vulcan  XC-72  par¬ 
ticles  have  tendency  to  agglomeration.  The  results  summarized  in 
Table  1  Indicate  particle  size  of  C-Si02  composite  support  materi¬ 
als  is  smaller  than  Vulcan  XC-72  (CS1).  No  peak  was  observed  at 
40  nm  (Fig.  1 ),  which  confirmed  that  aerogel  silica  was  not  discrete 
in  the  structure.  Decreased  particle  size  may  be  due  to  Vulcan  XC-72 
agglomerates  being  disrupted  by  ultrasonic  agitation  that  coupled 
with  stabilization  from  aerogel  silica.  This  observation  is  related  to 
the  finding  of  Morris,  et  al.  who  used  the  term  “nanoglue”. 

NaBH4  reduction  method  was  used  for  catalyst  synthesis  [49]. 
Platinum  particle  size  was  determined  by  TEM.  The  results  indi¬ 
cated  2-5  nm  platinum  particle  size  formation  for  all  catalysts. 
Homogeneous  platinum  distribution  on  carbon  was  obtained  with 
all  catalysts  as  shown  in  Fig.  2.  Pt  agglomeration  was  somewhat 
more  pronounced  with  high  Si02  containing  catalysts  (Cat  3  and 
4).  Presence  of  residual  SiOx  groups  increases  the  adsorption  sites 
for  platinum  locally  which  might  have  favored  platinum  agglom¬ 
eration  around  those  local  points.  Additionally,  slow  removal  of 
water  from  the  support  material  surface  might  enable  dissolution 
and  precipitation  mechanism  to  continue  at  very  slow  rates.  Fur¬ 
thermore,  secondary  Van  der  Waals  forces  might  result  in  bridging 
between  Si  and  Pt  atoms  as  Si-O-Pt,  which  might  cause  existence 
of  larger  platinum  particles.  As  expected,  platinum  agglomeration 
increased  with  increasing  SiOx  content. 


3.2.  Fuel  cell  performance  and  durability  experiments 

A  standard  MEA  preparation  method,  screen  printing  acoupled 
with  decal  transfer,  was  followed  for  all  catalysts.  Active  surface 
area  measurements  were  conducted  to  obtain  the  pure  kinetic 
activity  of  the  catalysts  theoretically  so  as  to  compare  with  results 
of  performance  and  durability  experiments. 

3.3.  Active  surface  area  measurements 

Active  surface  area  measurements  were  conducted  on  cathode 
sides  of  the  MEAs.  The  results  were  used  to  determine  catalyst  layer 
activity.  Durability  of  the  catalysts  was  also  examined  with  active 
surface  area  change  during  the  durability  test.  Active  surface  areas 
of  the  MEAs  prepared  with  different  support  materials  before  and 


Fig.  4.  Fuel  cell  performance  comparison  of  prepared  MEAs. 
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Table  3 

Fuel  cell  performance  loss  of  prepared  MEAs. 


MEA 

Support  Material 

Catalyst 

%  Si02  (wt%) 

Initial  current  density 
@  0.6  V  (mAcnr2) 

Final  current  density 
@  0.6  V  (mAcnrr2) 

Performance 
loss  (%) 

MEA1 

CS1 

Catl 

0 

881 

531 

39.7 

MEA2 

CS2 

Cat2 

2.49 

825 

499 

39.5 

ME  A3 

CS3 

Cat3 

6.90 

972 

740 

23.9 

MEA4 

CS4 

Cat4 

9.76 

788 

614 

22.1 

S 

Ol 


Fig.  5.  Performance  loss  after  1  day  accelerated  durability  test  (a)  Catl,  (b)  Cat2,  (c)  Cat3,  and  (d)  Cat4. 


after  the  durability  test  is  summarized  in  Table  2  and  shown  in  Fig.  3. 
The  results  indicate  that  active  surface  area  of  all  catalysts  dropped 
after  the  1  day  durability  test.  In  addition  to  this,  the  double  capacity 
layer  indicating  the  surface  charge  capacity  of  the  catalysts  had 
increased  after  the  test.  Increase  in  double  capacity  layer  thickness 
was  limited  with  increasing  silica  content.  The  results  for  high  silica 
containing  Cat  3  and  Cat  4  showed  that  the  double  capacity  layer 
thickness  had  hardly  changed,  which  might  indicate  protection  of 
the  morphology. 


3.4.  Performance  results 

Fuel  cell  performances  was  compared  by  matching  polariza¬ 
tion  curves  obtained  at  60  °C.  The  polarization  curve  comparison 
of  prepared  MEAs  is  shown  in  Fig.  4. 

The  results  indicate  that  silica  modification  up  to  2.5  wt%  slightly 
increased  the  performance.  This  increase  might  be  related  to  better 
access  to  platinum  by  an  improved  mesoporous  structure,  since 
aerogel  silica  network  consists  mostly  of  meso  (43  vol%)  and  macro 
(49  vol%)  pores  [60].  Micropores  of  Vulcan  XC-72  might  be  blocked 
by  addition  of  siliceous  components  at  low  levels.  Flowever,  further 
increase  in  silica  amount  decreased  the  performance,  which  might 
be  attributed  to  a  drop  in  electrical  conductivity  of  the  catalyst  layer. 
On  the  other  hand,  mass  transport  losses  became  more  apparent  at 
high  current  values  for  silica  containing  MEAs.  Perhaps  this  is  due 
to  increased  hydrophilic  character  due  to  siliceous  modification. 


3.5.  Durability  results 

Durability  of  the  MEAs  were  also  examined  with  acceler¬ 
ated  durability  experiments.  Performance  decreases  in  polarization 
curves  for  all  four  catalysts  are  shown  in  Fig.  5.  Current  density  drop 
at  0.6  V  was  selected  to  quantify  the  performance  loss  (Table  3). 

In  general,  MEA  durability  was  improved  with  increasing  sil¬ 
ica  content.  MEAs  prepared  with  6.0  wt%  silica  containing  catalysts 
showed  highest  performance  after  the  1  day  durability  test.  Elec¬ 
trochemical  reactions  at  both  anode  and  cathode  sides  of  fuel  cell 
require  effective  electron  transfer  process.  The  silica  in  the  struc¬ 
ture  might  have  slowed  down  the  electron  transfer  process,  which 
had  slightly  decreased  the  performance  but  also  slowed  down  the 
electron  transfer  required  for  corrosion  reactions. 

These  new  composite  materials  are  very  promising  materials 
especially  for  low  humidity  applications.  Furthermore,  hydrophillic 
behavior  of  silica  particles  might  be  helpful  for  internal  humidifica¬ 
tion  of  the  catalyst  layer.  Varying  power  needs  of  fuel  cell  systems 
lead  to  excess  water  generation  and  dry  operating  conditions,  fre¬ 
quently.  Condensed  water  on  silica  which  occurs  at  high  power 
applications  might  improve  the  ionic  conductivity  in  the  catalyst 
layer  for  low  power  applications. 

4.  Conclusion 

Carbon-aerogel  silica  composite  structures  were  prepared  as  an 
alternative  catalyst  support  material  for  PEM  fuel  cells.  Platinum 
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catalysts  were  prepared  using  several  C-Si02  composite  support 
materials  with  various  Si02  concentrations.  Material  characteris¬ 
tics  of  support  materials  and  catalysts  were  determined.  MEAs 
were  prepared  with  synthesized  catalysts  and  tested  to  investi¬ 
gate  the  effect  of  novel  support  material  on  fuel  cell  performance 
and  durability.  In  general  the  results  showed  that  C-aerogel  Si02 
composites  are  promising  candidates  as  a  durable  support  material. 
Performance  of  the  MEAs  with  limited  Si02  content  was  improved 
compared  to  silica-free  MEAs,  probably  due  to  homogeneous  car¬ 
bon  distribution.  However,  MEAs  with  high  Si02  content  showed 
lower  but  acceptable  performance  limited  by  the  insulating  behav¬ 
ior  of  silica.  On  the  other  hand,  mass  transport  losses  increased  with 
hydrophilic  nature  of  silica.  This  fact  limits  their  use  at  high  current 
density.  However,  this  might  be  useful  for  circumstances  requiring 
internal  humidification.  In  conclusion,  novel  carbon-aerogel  sil¬ 
ica  composite  materials  are  good  candidates  as  a  catalyst  support 
material  for  durable  high  performance  MEAs. 
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